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Abstract
Development is a complex phenomenon where the forming phenotype interacts with genetic
and environmental inputs. Teeth are an important model for developmental studies and their
development has been thoroughly investigated. However, despite of an extensive literature on
the genetics of dental development, no studies have yet focused on the environmental influences
on dental morphology. Here we aim to test whether and to what extent the environment plays
a role in producing morphological variation in human teeth. We selected a sample of modern
human skulls and used dental enamel hypoplasia as an environmental stress marker to identify two
groups with different stress levels, referred to as SG (“stressed” group) and NSG (“non-stressed”
group). We collected data on the occurrence and the relative development of 15 morphological
traits (5 for each molar) on upper molars using a standard methodology commonly used in dental
anthropology (ASU-DAS system) and then we compared the frequencies of the traits in the two
groups. Overall, the results suggest that: (i) stressors like malnutrition and/or systemic diseases
have a significant effect on upper molar morphology; (ii) stress generates a developmental response
which increases the morphological variability of the SG; (iii) the increase in variability is directional,
since individuals belonging to the SG have increased cusp dimensions and number. These results
are consistent with the expectations of the morphodynamic model of dental development (Jernvall,
1995).
Introduction
In developmental studies, teeth represent an ex-
cellent model, since once their development is
completed, they undergo no further changes in
size and shape (except from wear), thus record-
ing the developmental process in their pheno-
type. Our knowledge on the mechanisms of den-
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tal development has increased exponentially over
the past 20 years. In particular, it has become
evident how dental development, like the devel-
opment of other organs, is regulated by inductive
interactions between epithelial and mesenchy-
mal cells (Ruch, 1995; Thesleff and Hurmerinta,
1981; Thesleff et al., 1995). The bulk of the
research agenda has focused on the genetic
and molecular bases (reviewed in Bei 2009;
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Jernvall and Jung 2000): detailed knowledge is
available today on over 300 genes expressed in
mouse dental tissues and their patterns of ex-
pression from the beginning of the tooth bud to
the end of its development (see for example the
Gene expression in tooth — WWW database,
1996). The focus on the genetics of dental devel-
opment has made it possible to make progress in
our understanding of morphogenesis and varia-
tion in dental morphologies; at the same time,
it has overlooked other important aspects, such
as the environmental influence on dental devel-
opment and its contribution to the final pheno-
type. It is probably because of this bias toward
the genetic component of dental development re-
search that is common to find in the literature
such statements as “the development of teeth
is under strict genetic control” (Galluccio et al.,
2012; Thesleff and Nieminen, 1996) which, from
a developmental biology perspective, greatly un-
derestimate the role of the environmental com-
ponent. Indeed, “development is phenotypic
change in a responsive (plastic) phenotype due
to inputs from the environment and the genome.
[. . . ] Genomic and environmental factors have
equivalent and potentially interchangeable devel-
opmental effects, effects that depend as much
on the structure of the responding phenotype
as they do on the specific inputs themselves”
(West-Eberhard, 2003).
The significant role of environmental factors
in determining dental variation was reviewed by
Butler (1983), who acknowledged that “dental
phenotypic differences between populations do
reflect genetic differences” (p. 288, Italics ours),
but at the same time emphasized that the genes
“that affect the dentition do so only through the
mediation of a complex ontogeny in which the
environment takes part” (p. 288). Different as-
pects of the environmental influence on tooth
development in human populations have been
studied. One is the relationship between malnu-
trition and tooth eruption, where malnourished
children reveal a delay in the eruption of their
teeth (Boas, 1927; Enwonwu, 1973; Garn et al.,
1965; Gaur and Kumar, 2012). Another way to
study the environmental influence on dental de-
velopment is to correlate tooth size and envi-
ronmental stress. McKee and Lunz (1990) stud-
ied the correlation between enamel hypoplasia
occurrence, a marker of developmental disrup-
tion, and dental size reduction: they found an
association between dental reduction and the
presence of enamel hypoplasia in the individ-
ual. Garn and Russel (1971) showed how ma-
ternal health status can influence the tooth size
of the deciduous and permanent dentition of the
offspring. Other authors demonstrated that en-
vironment plays a role in determining tooth size
(Kolakowski and Bailit, 1981; Perzigian, 1984;
Townsend and Brown, 1979). Similar results
come from the study of fluctuating asymmetry,
which is considered a measure of stress and de-
velopmental instability also influenced by en-
vironmental variables (Carter and Houle, 2011;
Parsons, 1990). Kieser (1992), studying fluctuat-
ing odontometric asymmetry, used alcohol con-
sumption by the mother during the gestation pe-
riod as an environmental variable, and found a
high level of asymmetry in children of alcoholic
mothers compared to children of non-alcoholic
mothers. In another paper, (Kieser et al., 1997)
fluctuating asymmetry in children was consid-
ered in relation to maternal obesity and smoking;
again asymmetry was higher in children of obese
and smoking mothers. The study of monozy-
gotic twin pairs is another research approach
to address how differences in the presence, size,
and shape of teeth are linked to environmen-
tal influence. “[. . . ] Supernumerary tooth for-
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mation is influenced not only by genetic fac-
tors but also by environmental and epigenetic
influences” (Townsend et al. 2012, p. 6). For
example, Townsend et al. (2005) found monozy-
gotic twins to be discordant in the number and
position of supernumerary teeth. Other stud-
ies on monozygotic twins focused on the her-
itability of discrete traits; in the first half of
the last century, the prevailing view was that
morphological traits on tooth crowns were un-
der strong hereditary control (Scott and Turner
1997, p.161). For example, in the case of Cara-
belli’s trait, the most studied trait on upper mo-
lar crowns, starting from the 1950s this view
began to shift from a simple single-locus model
to a more complex one, invoking multi-loci ge-
netic control or environmental effects. As stud-
ies on twins increased in number, it became ev-
ident how trait expression often differs between
identical twins (Scott and Turner 1997, p.162).
Lastly, the effects of pathological conditions on
dental development (Atar and Ko¨rperich, 2010)
have been described. Several pathological condi-
tions (e.g. cystic fibrosis, AIDS, leukemia) cause
a number of enamel and dentine defects, acting
during tooth development, in the pre-natal and
post-natal periods.
All these studies discussed above have some
limitations when considered from an evolution-
ary developmental biology perspective. First of
all, the majority of them concentrates on metri-
cal traits; when discrete traits are considered,
the focus is on characters of the whole den-
tition, such as congenital absence and super-
numerary teeth (Townsend et al., 2005), or on
pathological defects (Atar and Ko¨rperich, 2010).
In studies on environmental influence, normal
individual variation which describes the mor-
phology of a single tooth is usually not taken
into account. Secondly, in evolutionary biology,
the relevant variation is that occurring at the
population level, since morphological differences
among taxa often stem from evolutionary pro-
cesses taking place at the population level (Mayr,
1982; Jernvall, 2000). Few studies have taken
into account environmental influences on teeth
at the population level: among them, some were
on populations who migrated into new environ-
ments (Lasker, 1945; Scott and Alexandersen,
1992), but they failed to demonstrate plastic-
ity in dental traits, probably because of the
kind of stressor tested (Scott and Turner, 1997).
Thirdly, even when some degree of plasticity is
recognized (e.g. differences in trait expression
between MZ twins), these studies lack a devel-
opmental explanation of the mechanism through
which this plasticity is produced. This diffi-
culty is particularly evident in heritability stud-
ies, where the issue is trying to distinguish be-
tween genetic and environmental variance, as
if one genotype were bound to always produce
the same phenotype and, as such environmen-
tal variance is a mere noise altering the cor-
rect correspondence between genotype and phe-
notype. In this framework, any attempt to ex-
plain the developmental process becomes sterile.
On the other hand, if we accept that variability
on which evolutionary factors act is the prod-
uct of development (Salazar-Ciudad et al., 2003)
and that development is the result of the interac-
tions between genetic and environmental inputs
and the developing phenotype (West-Eberhard,
2003), the mechanism involved in the shaping of
variability becomes central to our investigation.
In recent years, thanks to remarkable advances
in the field of molecular biology, it has been pos-
sible to begin to understand the molecular ba-
sis of this mechanism and how the developmen-
tal process leads to the final phenotype. Stud-
ies on experimental animals have provided in-
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formation on genes expressed in different tis-
sues during tooth development; this research,
together with a broad scale analysis of morpho-
logical variability in mammalian dentition, has
led to the proposal of a specific model of devel-
opment for multicuspidate teeth. The develop-
mental unit for cusp development is the primary
enamel knot (Jernvall and Jung, 2000), “a clus-
ter of cells in the central part of dental epithe-
lium, facing the dental mesenchyme” (Butler,
1956; Vaahtokari et al., 1996). The primary
enamel knot acts like an embryonic signaling
center and expresses the same genes as involved
in the organogenesis of other ectodermal organs
such as feathers, nails, and glands (Bei, 2009;
Jernvall and Thesleff, 2000; Jernvall and Jung,
2000); the majority of these genes belong to
one of the signaling pathways of four gene fam-
ilies: BMP, FGF, SHH, and WNT. Further-
more, the dimensions of the primary enamel
knot determine the position and dimensions of
the secondary enamel knots (Jernvall and Jung,
2000; Jernvall and Thesleff, 2000), from which
the cusps originate. Lastly, secondary enamel
knots express the same genes as expressed in
the primary enamel knot, i.e., in the gene net-
work there are no specific signals for each cusp
(Jernvall and Jung, 2000). Starting from these
clues, Jernvall (1995) developed a model for sec-
ondary enamel knots initiation: a new enamel
knot initiates when there are enough epithelial
cells available to form them; the number of ep-
ithelial cells is regulated by the expression of
FGFs in extant enamel knots. The formation
of cusp patterns is therefore a cascade of events
beginning with the formation of the primary
enamel knot: “the relative sizes, numbers, and
heights of the cusps [in seal molars] are sym-
metrically correlated, anterior and posterior, to
a major central cusp, as if the development of
these additional cusps depends on rate of growth
relative to a threshold in time, beyond which fur-
ther development does not occur” (Weiss et al.
1998, p. 390; Jernvall 2000). The dimension
of the primary enamel knot regulates the for-
mation of subsequent secondary enamel knots
and the dimensions of those regulate the initi-
ation of other enamel knots (and cusps) later
in the developmental cascade. Tooth morpho-
genesis is therefore a self-organizing system or
a Bateson-Turing Process (Weiss et al., 1998),
where “once a set of differentiation factors is
established [. . . ] further exogenous signaling is
no longer needed” (Weiss et al. 1998, p. 376).
When the first enamel knot appears, the tooth
primordium has all the information it needs to
complete its development. This model for tooth
development is usually referred to as the cascade
mode for tooth morphogenesis, or the morpho-
dynamic model. Today fairly accurate compu-
tational models for tooth development are avail-
able, taking into account both the genetic net-
work and the cellular interactions (Osborn, 1993,
2008; Salazar-Ciudad and Jernvall, 2002, 2010).
Starting from the cascade model, these attempt
to reproduce extant variability in tooth diver-
sity. For example, Salazar-Ciudad and Jernvall
(2010) developed a model accounting for the
morphological diversity in seal molars. Follow-
ing the suggestions of the cascade model, this di-
versity is obtained by acting on very few initial
inputs representing genetic information: one in-
hibitor and one activator for the differentiation
of enamel knots, and one parameter represent-
ing growth factors, upregulated in enamel knots,
regulating cell proliferation or differentiation.
With this background, the aim of this paper is
to test whether environmental inputs can affect
dental morphology acting on the developmental
cascade. Scott and Turner (1997) suggested that
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stressors such as undernutrition and infectious
diseases, already known to disrupt dental devel-
opment leaving marks on teeth, could affect den-
tal morphology as well. The occurrence of den-
tal enamel hypoplasia is a good marker for these
kind of stressors, since it is known to be linked
to physiological stress, such as malnutrition
or systemic diseases, during tooth development
(Guatelli-Steinberg and Lukacs, 1999; Ten-Cate,
1998; Skinner and Goodman, 1992). The re-
sponse of the developing tooth to such stress is
a slowing down of its development and the visi-
ble result on the tooth surface is an enamel hy-
poplastic defect. Jernvall (2000) suggested that
studies on variability at the population level can
be useful in testing hypotheses in development
biology: our hypothesis is that, in a homoge-
neous population, individuals with severe hy-
poplasia, that is to say, individuals whose devel-
opment was probably disrupted by an environ-
mental stress, are more variable in their molar
morphology than individuals with no hypopla-
sia. The expectation we want to test is that a de-
velopmental disruption, due to an environmen-
tal stressor, occurring in a population increases
variability in molar morphology. In a single or-
ganism, a disturbance during the morphogenetic
cascade should cause subtle “errors” in the mor-
phological output. These changes will be more
evident as the “errors” accumulate in the devel-
opmental cascade, that is to say, in later devel-
oping cusps. If we look at the whole population,
where disruption has occurred at different times
and with different intensity in each individual,
the logical expectation is an increase in morpho-
logical variability, particularly evident in later
developing cusps.
Materials and Methods
The specimens analyzed derive from the “Fabio
Frassetto collection” housed in the Museum of
Anthropology at the University of Bologna. The
largest part of this collection is made up of over
600 skeletons recovered from the cemeteries of
the town of Sassari (Sardinia, Italy) in the early
20th century. For the vast majority of the skele-
tons, individual information is available (name,
sex, date of birth, date of death, job, and cause of
death). This sample can thus be considered very
homogenous in terms of genetic structure of the
population and physical environment. Selection
criteria required the presence of the maxillary
dentition, with at least two molar teeth from the
same side. Specimens where attrition precluded
analysis of cusp morphology were excluded. The
occurrence of enamel hypoplasia was employed
here as marker of environmental stress (sensu
lato). Enamel hypoplasia is known to be linked
to physiological stress, such as malnutrition or
systemic diseases, during dental development
(Guatelli-Steinberg and Lukacs, 1999; Ten-Cate,
1998; Skinner and Goodman, 1992). The pres-
ence of linear enamel hypoplasias was recorded
following Buikstra and Ubelaker (1994), taking
into account the severity with a two-grade scale
on the basis of the breadth and depth of the
hypoplastic bands (fig. 1). Two groups were
then identified, with different stress levels: the
first group included individuals with no signs of
enamel hypoplasia in any of the present teeth;
the second group included individuals with at
least one tooth with one severe or three faint hy-
poplastic events. Only individuals with a clear
pattern of presence/absence of hypoplasia have
been included. The final sample included 75
individuals (34 females, 41 males). Group 1
(no hypoplasia) included 30 individuals (13 fe-
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Figure 1: Linear enamel hypoplasia on the maxillary
dentition: on the basis of the breadth and depth of the
bands, severe and faint grades are distinguished (following
Buikstra and Ubelaker 1994).
males, 17 males); group 2 (severe or diffuse hy-
poplasia) included 45 individuals (21 females, 24
males). For the sake of convenience, from now
on group 1 and group 2 will be referred to as
“non-stressed” (NSG) and “stressed” (SG), re-
spectively. For each individual of each group, the
variability in the expression of maxillary molar
cusps was observed. Expression of the relative
development of the cusps was recorded in a semi-
quantitative way using the ASU-DAS standard
(Turner et al., 1991). Discrete traits considered
were: metacone, hypocone, metaconule, Cara-
belli’s trait, and parastyle. Each trait was scored
on a scale from 0 to 5 (metacone, hypocone
and metaconule), 0 to 6 (parastyle), or 0 to 7
(Carabelli’s trait), where 0 is the absence of the
trait. A two-sample Wilcoxon test was used
to compare each discrete variable between the
two groups. T 2 Hotelling test and two-sample
MANOVA (Pillai test) were used for multivari-
ate analysis. The p − values were corrected for
repeated tests with Bonferroni’s method. All the
statistical analyses were carried out using the
software R (R Development Core Team, 2010).
Results
The analysis was carried out for each group
(NSG and SG) with sex pooled; any further sub-
division would have reduced sample sizes and af-
fected reliability of the statistical analysis. Ta-
ble 1 shows, for each molar and for each mor-
phological trait (cusp), the comparison between
NSG and SG in the frequencies of expression of
each category. A general trend appears in most
cases: in the SG, the variability of expression of
the different grades (the frequency of each cate-
gory) is greater than in the NSG and the higher
grades of expression are more frequent. That is,
in 10 of the 15 cusps considered (metacone on
M1 and M2, hypocone and metaconule on M1
and M3, Carabelli’s trait and parastyle on M2
and M3), the mode of the distribution is con-
stant, while the mean increases. This condition
is suggestive of a directional increase in cusp ex-
pression variability in the SG. These differences
in the distributions are significant (two-samples
Wilcoxon test, p−value < 0.05) for the following
cusps: Carabelli’s trait on each of the three mo-
lars; metacone on the first, hypocone on the sec-
ond and metaconule on the third molar. When
the p − values are corrected using Bonferroni’s
method, the values under the threshold of signif-
icance are those of hypocone on the second molar
and Carabelli’s trait on the first and second mo-
lars. The variability for parastyle is too low to
make sense of it using any statistical test, but
it is worth noting that the only two parastyles
observed in the sample belong to two individuals
of the SG. As a further step in the study it was
deemed suitable to perform a multivariate anal-
ysis in order to take into account at the same
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Table 1: p − values for the Wilcoxon test applied to compare the
distributions of cusp development between the non-stressed (NSG) and
stressed (SG) groups. The threshold of significance was set at 0.05;
the values that maintain their significance after Bonferroni’s correction
(p− value < 0.0033) are in bold.
M1 M2 M3
Metacone (p = 0.037)*** (p = 0.431)ns (p = 0.289)ns
NSG SG NSG SG NSG SG
0 0 0 0 0 0 0
1 0 0 0 0 0 0
2 0 0 0 1 1 0
3 0 0 4 8 10 18
4 12 9 35 39 15 16
5 31 64 12 26 0 9
M1 M2 M3
Hypocone (p = 0.302)ns (p=0.002)*** (p = 0.408)ns
NSG SG NSG SG NSG SG
0 0 0 16 5 11 16
1 0 0 8 9 4 6
2 0 0 3 11 5 3
3 4 4 10 18 6 14
4 15 22 14 17 1 4
5 23 46 0 11 0 0
M1 M2 M3
Metaconule (p = 0.362)ns (p = 0.580)ns (p = 0.008)***
NSG SG NSG SG NSG SG
0 40 64 46 68 26 33
1 0 5 3 4 0 5
2 1 0 0 0 0 1
3 1 1 1 0 0 2
4 0 1 0 0 0 0
5 0 0 0 0 0 2
Table 1: continued on the next page. . .
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Table 1: continues from previous page
M1 M2 M3
Carabelli’s trait (p=0.000)*** (p=0.001)*** (p = 0.031)***
NSG SG NSG SG NSG SG
0 25 9 48 50 26 31
1 6 15 2 14 1 2
2 7 8 1 4 0 5
3 3 9 0 2 0 0
4 2 12 0 1 0 1
5 0 13 0 0 0 1
6 0 1 0 0 0 0
7 0 3 0 0 0 0
M1 M2 M3
Parastyle na (p=0.416)ns (p = 0.440)ns
NSG SG NSG SG NSG SG
0 43 73 51 73 27 41
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 0 0 0 0 0 1
4 0 0 0 1 0 0
5 0 0 0 0 0 0
6 0 0 0 0 0 0
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time the grade of development of every cusp
in each tooth or in each single individual and
compare it between the two groups. This was
done since the scope of the work is to address the
overall variability in cusp expression of the mo-
lar teeth, rather than the relative development of
each single cusp. A principal component analysis
considering, for each individual and each group,
all three molar teeth and the grade of expression
of each cusp (except for the parastyle because of
its very low frequency in the sample) was carried
out. Figure 2 shows scatterplots of the first three
principal components in pairs, where individuals
of the NSG and SG are indicated in different
colors. The first three principal components ex-
plain the 77% of the variability of the dataset
(PC1 = 39%, PC2 = 23%, PC3 = 15%). In
Figure 2 the weight of each variable on principal
components is also shown (black arrows). Vari-
ation along PC1 is linked to Carabelli’s trait on
M1, hypocone on M2 and M3, and metaconule
on M3; variation on PC2 is mostly explained
by Carabelli’s trait on M1 and hypocone on M2
and M3; lastly, metaconule and Carabelli’s trait
on M3 explain most of the variation along PC3.
The same analysis was also performed separately
for each molar tooth. A similar pattern in the
spatial distribution of the individuals belonging
to the two groups emerges in both types of anal-
ysis. Individuals from the NSG tend to cluster
together in a relatively delimited area of the plot,
whereas those from the SG are more broadly dis-
tributed on the Cartesian plane, partially over-
lapping the NSG. PC1 values for the NSG vary
between −3.19 and 0.42, while in the SG between
−2.88 and 5.86; PC2 values between −1.62 and
2.10 for the NSG and between −4.12 and 2.17
for the SG; PC3 values between −0.70 and 0.17
(NSG) and −2.18 and 4.09 (SG). This indicates
a higher variability in the SG as compared to
Table 2: Multivariate comparison (Hotelling T 2
test) between SG and NSG, for the molars pooled
(M1+M2+M3) and for each molar separately. Signifi-
cance threshold is set to p = 0.05 (p = 0.0125 after Bon-
ferroni’s correction).
Tooth p− value
Hotelling T 2
M1 +M2 +M3 0.00059
M1 0.00000
M2 0.00004
M3 0.00178
the NSG, more easily detectable on PC1, which
best distinguishes the two groups, followed by
PC3. Also, individuals in the NSG tend to fall
into the margin of the distribution, suggesting
that the enhanced variability of the SG is not
isotropic but directional. Once again, the di-
rection toward which variability increases is the
direction of more developed cusps (indicated by
the direction of the arrows in Figure 2). In or-
der to test whether the differences in the ob-
served distributions were statistically significant,
a Hotelling’s T 2 test was employed; first with
the three molars pooled, and then for each mo-
lar separately. In the first case, parastyle and
metaconule had to be excluded from the anal-
ysis, because of their overall very low frequen-
cies and the reduced number of cases due to the
omission of strings with NAs data. On the other
hand, in the analysis of each molar tooth (where
reduced variables for each case made it possi-
ble to omit fewer strings), it was possible to in-
clude metaconule, but not parastyle, in the vari-
ables considered. In both analyses, differences
between NSG and SG are statistically significant
(Tab. 2), even after Bonferroni’s correction for
repeated tests.
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Figure 2: Plots of the first three PCs for all the traits in upper molars (parastyle was excluded because of the
low frequency in the sample). The arrows represent the weight of each variable on the PCs (a=metacone on M1;
b=hypocone on M1; c=metaconule on M1; d=Carabelli’s trait on M1; e= metacone on M2; f= hypocone on M2;
g= metaconule on M2; h= Carabelli’s trait on M2; i= metacone on M3; j= hypocone on M3; k= metaconule on
M3; l= Carabelli’s trait on M3).
Riga et al. 2013 10
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Discussion
The different degree of expression of some dental
morphological traits in the two groups of a mod-
ern human population (SG and NSG) seems to
suggest the existence of a link between enamel
hypoplasia occurrence and upper molar teeth
morphology, in that both are the result of the
same cause: a developmental disruption, likely
due to a non-genetic disturbance such as mal-
nutrition or a systemic disease (among the most
common causes of enamel hypoplasia). In other
words, an environmental disturbance affecting
dental development has an influence on the fi-
nal phenotype. Two aspects of the results are
worthy of note: first, as we hypothesized, a de-
velopmental disruption resulted in an increased
variability in dental morphology; secondly, the
increase in variability is directional, toward an
expression of larger cusps. These two aspects
will now be discussed in detail.
Variability increase in the stressed
group
The first effect of the developmental disruption
on the expression of upper molars non metric
traits is an increase of variation in the SG.
The increase of variability in the expression of
morphological traits under a stressful condition
has usually been attributed to two different
factors. The first is related to the existence of
a hidden genetic variability that is canalized
by a buffering mechanism in normal develop-
ment (Waddington, 1959); if an environmental
stressor exceeds a threshold, the buffering mech-
anism breaks down and new genetic variability
arises (Rutherford, 2000). However, there are
few cases in which this buffering mechanism
has been discovered (Rutherford and Lindquist,
1998; Sollars et al., 2003) and there are no
clues indicating that a similar genetic buffer-
ing mechanism may be active during dental
development. The other possibility discussed
in the literature is that new variability arises
from the developmental mechanism itself
(Salazar-Ciudad, 2007). As mentioned in
the introduction, the current developmental
model proposed for the molars has, as a logical
consequence, an increase of variability in a
developmentally disrupted population. Indeed,
molar tooth development is a morphodynamic
process in which morphogenesis and induction
mechanisms are interdependent (Jernvall, 1995;
Salazar-Ciudad et al., 2003). In morphody-
namic systems a small change in the inputs can
be amplified during the morphodynamic process
(developmental cascade) and have unexpected
results on the final morphology, because the
relationship between the parameters’ change
and morphology is not linear, but depends on
the developmental network, on the phase of
morphogenesis, and on all the other inputs
involved in tooth development. Therefore,
the effect we observed in our sample on the
increase of morphological variability in the SG
is compatible with this current view of tooth
development. Development is an epigenetic phe-
nomenon; therefore, if we wish to understand
the mechanism responsible for our results, we
must look at the epigenetic level, where dental
development is regulated by cellular and ge-
netic interactions (Salazar-Ciudad and Jernvall,
2010). Both these factors (cellular param-
eters and gene expression) can be affected
by environmental inputs. As for the first
factor, environmental stress is known to pro-
duce a downregulation of cellular metabolism
(Hand and Hardewig, 1996). The effects of
this downregulation can be multiple; for ex-
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ample during hypometabolic states (such as
starvation or lack of nutrients), downregulation
can affect both energy production and energy
consumption, and can inhibit macromolecule
synthesis and turnover. In a similar situation
it is likely that other parameters important
for tooth development may also change, such
as, for example, epithelial and mesenchymal
growth and differentiation rates. In this regard,
some authors (Johnston and Gallant, 2002;
Katso et al., 2001; Kozma and Thomas, 2002;
Schmelze and Hall, 2000) have suggested that
cell growth is affected by environmental and de-
velopmental conditions and that, in some cases,
it can change in response to nutrient levels.
Kim et al. (2002) identified Raptor, a protein
sensitive to nutrient levels participating in the
regulation of cell size. As for the importance of
gene expression, there is a vast literature on how
environmental stressors can alter gene expres-
sion, even just considering nutritional stressors.
In bees, for example, queens and sterile workers
differentiate from genetically identical larvae
thanks to a different nutrition that proba-
bly influences the expression of some genes
through DNA methylation (Kucharski et al.,
2008). Also, in Drosophila, gene expression
is regulated by starvation (Zinke et al., 2002).
In mammals, diet can influence the pattern of
methylation and the stable expression of some
genes (Jaenisch and Bird, 2003); nutrition is
important during the gestational period and
can affect the phenotype of the offspring, for
example inducing changes in methylation in rats
(Burdge et al., 2007). Most of the literature
on the effects of the environment on gene
expression focuses on regulation by changes
in DNA methylation, but it is not the only
possibility. Transposable elements can also reg-
ulate gene expression under stressful situations
(Slotkin and Martienssen, 2007). For example
in mammals, apoptosis regulation is participated
by a LTR retrotransposon, (Romanish et al.,
2007) and retrotransposon activation is
known to be stress-induced (Frucht et al.,
1991; Hampar et al., 1976; Hohenadl et al.,
1999; Ruprecht and Lanzavecchia, 2006;
Sutkowski et al., 2004). In humans, under-
nutrition can alter the growth trajectory of
babies; also, their morphology and physiology is
affected by the nutritional state of the mother
(Bateson et al., 2004). Somel et al. (2008) found
that differences in diet can produce differences
in gene expression. They replicated human
and chimpanzee diets in laboratory mice and,
after two weeks, they analyzed the differences
in gene expression in the liver and in the brain.
They found that 4-8% of genes expressed in
the liver changed their expression; considering
that only 15% of the genes expressed in the
liver are differently expressed between humans
and chimpanzees, these data are impressive.
Thus during dental development, from teeth
primordia in intrauterine life up to calcification
of the permanent teeth, the environment can
act on all the factors listed above. Changes
in one or more of those inputs can affect
tooth development, producing a wide range of
morphological variation.
Directionality of variability increase
The other, somehow unexpected, main finding of
the analysis is related to the evident directional-
ity in the increase of the variability. This is quite
apparent in the PC plots, where individuals be-
longing to the SG are scattered in the Cartesian
plane not randomly with respect to the NSG in-
dividuals. In particular, along PC1, NSG indi-
viduals tend to fall mostly toward negative val-
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ues of the first component, whereas SG individ-
uals are uniformly distributed along the axis.
Thus variation increases in the direction of more
developed cusps (fig. 2), a pattern which is also
the most common in the univariate comparisons
of each cusp. This result seems to be in contrast
with the results of McKee and Lunz (1990), who
reported a correlation between enamel hypopla-
sia occurrence and dental size reduction. This is
not the case, since the ASU-DAS system, used
in this study, takes into account the relative de-
velopment of each trait in the tooth and not the
absolute dimensions. We then considered two
options to evaluate the source of the directional-
ity observed: (i) it is a mathematical artifact due
to the presence of a left wall in the distribution
of ASU-DAS grades; (ii) it is a true directional-
ity, given by the particular stressor considered,
which alters development in a specific direction.
Directionality as a mathematical artifact
In general terms, when comparing two distribu-
tions with different mean values, it is reasonable
to consider the distribution with a larger mean
value as the effect of some directional factor.
However, in some cases, it may happen that a
non-directional increase in variability results in
a directional change in the distribution, without
any directional factor in action (Gould, 1996).
This is the case for asymmetrical distributions
with a left wall, a mode standing constantly near
the wall and a right tail of variable length. The
increase in the mean may be explained as an in-
crease in variability which, because of the asym-
metric distribution, is resolved at all in the right
tail. In our sample (considering only statistically
significant comparisons between NSG and SG),
Carabelli’s trait on M2 and metaconule on M3
seem to fall in this category. The mode of the
Figure 3: Differences between SG (left column) and
NSG (right column) for Carabelli’s trait onM2 and meta-
conule on M3. The directional increase in the mean of
the SG could be a mathematical artifact due to a non-
directional increase in variability in an asymmetric distri-
bution with a left wall (absence of the trait) and a mode
standing next to the wall.
NSG is 0 (absence of the trait) and variations
from this state are absent or very rare; in the SG
the mode does not change and more individuals
fall into the right tail, which is also longer than
in the NSG (fig. 3). The increase in variability
is resolved at all in the right tail, because values
lower than 0 (the left wall) simply do not exist.
Therefore, the directionality in changes in mor-
phology in the SG might derive from some non-
directional factor acting at the epigenetic level.
This could mean that the environmental stressor
considered acts on a wide range of epigenetic pa-
rameters, without any specificity, randomly with
respect to the effects on the developmental cas-
cade.
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Figure 4: Differences between SG (left column) and
NSG (right column) for Carabelli’s trait on M1 and
hypocone on M2. In this case, the increase in the mean
of the SG cannot be due to a mathematical artifact, since
the mode changes also; the most probable explanation is
the action of a directional factor on the developmental
response.
Directionality as real
The likelihood of directionality as a mathemat-
ical artifact, however, does not fit with other
results. Again, considering statistically signifi-
cant results only, Carabelli’s trait on M1 and
hypocone on M2 show a different pattern of dis-
tribution in the comparison between NSG and
SG (fig. 4). In these cusps the mean value in-
creases in the SG but, unlike the former cases,
the mode also increases in the SG. In particular
for the Carabelli’s trait on M1, the whole distri-
bution in the SG appears to be shifted toward
higher grades, with a decrease in the “grade 0”
and an increase in all the other grades.
This evidence seems to support an explana-
tion based on directional factors acting at the
epigenetic level. Since dental development is an
auto-organizing system, with a few starting in-
puts and a consequential cascade of events, with
no apparent specific signals for different cusps,
it is conceivable that the pattern of directional
increase in the variability in the SG is produced
by the same mechanism for all cusps. For this
reason, we cannot rely on an explanation based
both on a non-directional and a directional fac-
tor. At the moment, a directional factor act-
ing at the epigenetic level seems to us to be
the most probable explanation, since it can ac-
count for both types of distributions observed,
whereas a non-directional factor fails to explain
the distributions for Carabelli’s trait on M1 and
hypocone on M2. If we accept this hypothesis,
then we might expect that the stressor consid-
ered acts not randomly on the variety of param-
eters affecting dental development. Among these
parameters, regulation of signaling during cusp
development seems to be the most important
source of variation among individuals, while cel-
lular parameters best explain variation along the
tooth row (Salazar-Ciudad and Jernvall, 2010).
Considering only molecular signaling, cusps pat-
tern is controlled by a game of interactions
between signaling molecules regulating epithe-
lial and mesenchymal cell proliferation, such as
FGF-4, BMP, and Shh (Jernvall et al., 1994;
Vaahtokari et al., 1996). These interactions reg-
ulate the induction of new enamel knots, that
is to say they produce the cusp pattern in a
forming tooth. BMPs (Bone Morphogenetic
Proteins), in particular, are associated with
enamel knot apoptosis and its termination, for
example inducing inhibitors of cell prolifera-
tion like p21 (Jernvall et al., 1998) and ectodin
(Kassai et al., 2005); studies on ectodin expres-
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sion demonstrated that ectodin-deficient mice
have extra teeth and extra cusps originated
from a larger primary enamel knot (Kassai et al.,
2005). Therefore, an environmental stressor
could produce the pattern of increased cusp size
and number simply inhibiting the production of
BMPs, or BMP-induced molecules. Studies on
gene expression during dental development are
needed to confirm or reject this hypothesis.
As a final remark, we would like to con-
sider the possible evolutionary significance of
the kind of plasticity observed in dental de-
velopment. It has been shown that the evo-
lutionary history of mammalian dental pat-
tern is characterized by repeated convergent
or parallel evolution of new cusps such as the
hypocone (Hunter and Jernvall, 1995; Jernvall,
2000; Jernvall et al., 1996), whereas cusp loss
is an uncommon event. That is to say that
the developmental response to environmental
stress appears to be in the same direction as
the evolutionary trend in mammalian denti-
tion. There are several possible explanations.
For example, the developmental response could
be simply the mark of a developmental con-
straint biasing variation in a certain direction;
a non-isotropic variation due to developmen-
tal reasons may result in a directionality im-
posed to evolution(Gould, 1977, 2002). An-
other intriguing possibility is that developmen-
tal plasticity in dental development plays an ac-
tive role in evolution. Developmental plastic-
ity is a topic that has received increasing atten-
tion in evolutionary studies (Aubret and Shine,
2009; Chapman et al., 2000; Emlen et al., 2007;
Gibson and Hogness, 1996; Price et al., 2003;
Price, 2006; Rutherford and Lindquist, 1998;
Sollars et al., 2003; Stauffer and van Snik Gray,
2004; West-Eberhard, 2003). For exam-
ple, plasticity in certain morphological traits
could allow survival in difficult times; phe-
notypic changes, with the time, may ac-
commodate and lead to a genetic change in
the same direction (Pigliucci and Murren, 2003;
Pigliucci et al., 2006). Scholars are still debating
this topic and there is no consensus (de Jong,
2005; Pigliucci et al., 2006), but it is certainly
an interesting avenue for future investigations —
also with special reference to dental evolution —
in particular because nutritional stress as a result
of environmental pressures is common in many
species and may have played a significant role in
human and mammalian evolutionary history.
Conclusions
The results of our analysis seem to support the
hypothesis that an environmental stress can lead
to changes in dental morphology. In the group
with high levels of enamel hypoplasia, an in-
crease in cusp dimension variability was iden-
tified. Further, the increase is not isotropic,
but directional: individuals with hypoplasia tend
to have relatively larger cusps than individu-
als without hypoplasia. These results open up
new possibilities for future research; in par-
ticular it would be interesting to inquire into
the molecular mechanisms acting at the epige-
netic level producing the developmental plastic-
ity in molar morphology, for example testing
the environmental influence on the expression
of genes for BMPs or BMP-induced inhibitors
such as p21 and ectodin (see Jernvall et al. 1998;
Kassai et al. 2005). Our results confirm, once
more, how dental development is a complex phe-
nomenon: it depends on inputs from the gene
network and from the environment acting on the
developing phenotype. Considering teeth as a
strictly genetically determined biological struc-
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ture, can be misleading in certain kinds of stud-
ies.
Acknowledgements
We would like to thank Alessio Boattini for his
useful advices on R and Fabrizio Mafessoni for
his assistance in using LATEX.
References
Atar M and Ko¨rperich E, 2010. Systemic disor-
ders and their influence on the development of
dental hard tissues: a literature review. Jour-
nal of Dentistry, 38:296–306.
Aubret F and Shine R, 2009. Genetic assimila-
tion and the postcolonization erosion of pheno-
typic plasticity in island tiger snakes. Current
biology, 19(22):1932–1936.
Bateson P, Barker D, Clutton-Brock T, Deb D,
D’Udine B, Foley R, Gluckman P, Godfrey
K, Kirkwood T, Lahr M, McNamara J, Met-
calfe N, Monaghan P, Spencer H, and Sultan
S, 2004. Developmental plasticity and human
health. Nature, 430(6998):419–421.
Bei M, 2009. Molecular genetics of tooth de-
velopment. Current Opinion in Genetics &
Development, 19(5):504–510.
Boas F, 1927. The eruption of deciduous teeth
among hebrew infants. Journal of Dental Re-
search, 7(3):245–253.
Buikstra J and Ubelaker D. Standards for data
collection from human skeletal remains. Fayet-
teville, 1994.
Burdge G, Slater-Jeffries J, Torrens C, Phillips
E, MAH , and Lillycrop K, 2007. Dietary pro-
tein restriction of pregnant rats in the f0 gen-
eration induces altered methylation of hepatic
gene promoters in the adult male offspring in
the f1 and f2 generation. British Journal of
Nutrition, 97:435–439.
Butler P, 1956. The ontogeny of molar pattern.
Biological Reviews, 31(1):30–69.
Butler P, 1983. Evolution and mammalian dental
morphology. Journal de Biologie Buccale, 11
(4):285–302.
Carter A and Houle D, 2011. Artificial selection
reveals heritable variation for developmental
instability. Evolution, 65(12):3558–3564.
Chapman L, Galis F, and Shinn J, 2000. Phe-
notypic plasticity and the possible role of ge-
netic assimilation: Hypoxia-induced trade-offs
in the morphological traits of an african cich-
lid. Ecology Letters, 3(5):387–393.
Jong de G, 2005. Evolution of phenotypic plas-
ticity: patterns of plasticity and the emer-
gence of ecotypes. New Phytologist, 166(1):
101–118.
Emlen D, Lavine L, and Ewen-Campen B, 2007.
On the origin and evolutionary diversification
of beetle horns. Proceedings of the National
Academy of Sciences, 104:8661–8668.
Enwonwu C, 1973. Influence of socio-economic
conditions on dental development in nigerian
children. Archives of Oral Biology, 18(1):95–
107.
Frucht D, Lajos L, Vicenzi E, Belcher J, and
Martin M, 1991. Ultraviolet radiation in-
creases hiv-long terminal repeat-directed ex-
Riga et al. 2013 16
Environmental Influence on Dental Morphology
pression in transgenic mice. AIDS Research
and Human Retroviruses, 7(9):729–733.
Galluccio G, Castellano M, and LaMonaca C,
2012. Genetic basis of non-syndromic anoma-
lies of human tooth number. Archives of Oral
Biology, 57(7):918–930.
Garn S, Lewis A, and Kerewsky R, 1965. Ge-
netic, nutritional, and maturational correlates
of dental development. Journal of Dental Re-
search, 44(1):228–242.
Garn S and Russel A, 1971. The effect of nutri-
tional extremes on dental development. The
American Journal of Clinical Nutrition, 24:
285–286.
Gaur R and Kumar P, 2012. Effect of undernu-
trition on deciduous tooth emergence among
rajput children of shimla district of himachal
pradesh, india. American Journal of Physical
Anthropology, 148(1):54–61.
Gene Development In Tooh . (WWW
database) Developmental Biology Programme
of the University of Helsinki, 1996. URL
http://bite-it.helsinki.fi/.
Gibson G and Hogness D, 1996. Effect of poly-
morphism in the drosophila regulatory gene
ultrabithorax on homeotic stability. Science,
271(5246):200–203.
Gould S, 1977. Ontogeny and Phylogeny. Belk-
nap Press, Cambridge, MA.
Gould S, 1996. Full house: the spread of excel-
lence from Plato to Darwin. Harmony Books,
New York.
Gould S, 2002. The Structure of Evolutionary
Theory. Belknap Press, Cambridge, MA.
Guatelli-Steinberg D and Lukacs J, 1999. Inter-
preting sex differences in enamel hypoplasia
in human and non-human primates: develop-
mental, environmental, and cultural consider-
ations. Yearbook of Physical Anthropology, 42:
73–126.
Hampar B, Aaronson S, Derge J, Chakrabarty
M, Showalter S, and Dunn C, 1976. Acti-
vation of an endogenous mouse type c virus
by ultraviolet-irradiated herpes simplex virus
types 1 and 2. Proceedings of the National
Academy of Sciences, 73(2):646–650.
Hand S and Hardewig I, 1996. Downregulation
of cellular metabolism during environmental
stress: Mechanisms and implications. Annual
Review of Physiology, 58(1):539–563.
Hohenadl C, Germaier H, Walchner M, Hagen-
hofer M, Herrmann M, Sturzl M, Kind P,
Hehlmann R, Erfle V, and Leib-Mosch C,
1999. Transcriptional activation of endoge-
nous retroviral sequences in human epidermal
keratinocytes by uvb irradiation. Journal of
Investigative Dermatology, 113:587–594.
Hunter J and Jernvall J, 1995. The hypocone
as a key innovation in mammalian evolution.
Proceedings of the National Academy of Sci-
ences, 92(23):10718–10722.
Jaenisch R and Bird A, 2003. Epigenetic reg-
ulation of gene expression: how the genome
integrates intrinsic and environmental signals.
Nature Genetics, 3:245–254.
Jernvall J, 1995. Mammalian molar cusp pat-
terns : developmental mechanisms of diversity.
Acta Zoologica Fennica, 198:1–61.
Riga et al. 2013 17
Environmental Influence on Dental Morphology
Jernvall J, 2000. Linking development with gen-
eration of novelty in mammalian teeth. Pro-
ceedings of the National Academy of Sciences,
97(6):2641–2645.
Jernvall J, A˚berg T, Kettunen P, Kera¨nen S, and
Thesleff I, 1998. The life history of an em-
bryonic signaling center: Bmp-4 induces p21
and is associated with apoptosis in the mouse
tooth enamel knot. Development, 125(2):161–
169.
Jernvall J, Hunter J, and Fortelius M, 1996.
Molar tooth diversity, disparity, and ecology
in cenozoic ungulate radiations. Science, 274
(5292):1489–1492.
Jernvall J and Jung H, 2000. Genotype, phe-
notype, and developmental biology of molar
tooth characters. Yearbook of Physical Anthro-
pology, 43:171–190.
Jernvall J, Kettunen P, Karavanova I, Martin
L, and Thesleff I, 1994. Evidence for the
role of the enamel knot as a control center in
mammalian tooth cusp formation - nondivid-
ing cells express growth-stimulating fgf-4 gene.
International Journal of Developmental Biol-
ogy, 38(3):463–469.
Jernvall J and Thesleff I, 2000. Reiterative
signaling and patterning during mammalian
tooth morphogenesis. Mechanisms of Devel-
opment, 92(1):19–29.
Johnston L and Gallant P, 2002. Control of
growth and organ size in drosophila. Bioes-
says, 24(1):54–64.
Kassai Y, Munne P, Hotta Y, Penttila¨ E, Ka-
vanagh K, Ohbayashi N, Takada S, Thesleff I,
Jernvall J, and Itoh N, 2005. Regulation of
mammalian tooth cusp patterning by ectodin.
Science, 309(5743):2067–2070.
Katso R, Okkenhaug K, Ahmadi K, White S,
Timms J, and Waterfield M, 2001. Cellular
function of phosphoinositide 3-kinase: Impli-
cations for development, immunity, homeosta-
sis, and cancer. Annual Review of Cell and
Developmental Biology, 17(1):615–675.
Kieser J, 1992. Fluctuating odontometric asym-
metry and maternal alcohol consumption. An-
nals of Human Biology, 19(5):513–520.
Kieser J, Groeneveld H, and Silva da P, 1997.
Dental asymmetry, maternal obesity, and
smoking. American Journal of Physical An-
thropology, 102(1):133–139.
Kim D, Sarbassov D, Ali S, King J, Latek R,
Erdjument-Bromage H, Tempst P, and Saba-
tini D, 2002. mtor interacts with raptor to
form a nutrient-sensitive complex that signals
to the cell growth machinery. Cell, 119(2):
163–175.
Kolakowski D and Bailit H, 1981. A differential
environmental effect on human anterior tooth
size. American Journal of Physical Anthropol-
ogy, 54(3):377–381.
Kozma S and Thomas G, 2002. Regulation of
cell size in growth, development and human
disease: Pi3k, pkb and s6k. Bioessays, 24(1):
65–71.
Kucharski R, Maleszka J, Foret S, and Maleszka
R, 2008. Nutritional control of reproductive
status in honeybees via dna methylation. Sci-
ence, 319(5871):1827–1830.
Lasker G, 1945. Observations on the teeth of
chinese born and reared in china and america.
Riga et al. 2013 18
Environmental Influence on Dental Morphology
American Journal of Physical Anthropology, 3
(2):129–150.
Mayr E, 1982. The Growth of Biological
Thought: Diversity, Evolution, and Inheri-
tance. Belknap Press, Cambridge, MA.
McKee J and Lunz R, 1990. Correlates of
enamel hypoplasia with human dental reduc-
tion. American Journal of Human Biology, 2
(5):459–465.
Osborn J, 1993. A model simulating tooth mor-
phogenesis without morphogens. Journal of
Theoretical Biology, 165:429–445.
Osborn J, 2008. A model of growth restraints
to explain the development and evolution of
tooth shapes in mammals. Journal of Theo-
retical Biology, 255(3):338–343.
Parsons P, 1990. Fluctuating asymmetry: an
epigenetic measure of stress. Biological Re-
views, 65(2):131–145.
Perzigian A, 1984. Human odontometric varia-
tion: An evolutionary and taxonomic assess-
ment. Anthropologie Brno, 22(3):193–198.
Pigliucci M and Murren C, 2003. Genetic assim-
ilation and a possible evolutionary paradox:
can macroevolution sometimes be so fast to
pass us by? Evolution, 57(7):1455–1464.
Pigliucci M, Murren C, and Schlichting C, 2006.
Phenotypic plasticity and evolution by genetic
assimilation. Journal of Experimental Biology,
209(12):2362–2367.
Price T, 2006. Phenotypic plasticity, sexual
selection and the evolution of colour pat-
terns. Journal of Experimental Biology, 209
(12):2368–2376.
Price T, Qvarnstro¨m A, and Irwin D, 2003. The
role of phenotypic plasticity in driving genetic
evolution. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 270
(1523):1433–1440.
R Development Core Team , 2010. R: A Lan-
guage and Environment for Statistical Com-
puting. R Foundation for Statistical Comput-
ing, Vienna, Austria.
Romanish M, Lock W, Lagemaat van de L, Dunn
C, and Mager D, 2007. Repeated recruitment
of ltr retrotransposons as promoters by the
anti-apoptotic locus naip during mammalian
evolution. PLoS Genetics, 3(1):e10.
Ruch J, 1995. Tooth crown morphogenesis and
cytodifferentiations: Candid questions and
critical comments. Connective Tissue Re-
search, 32:1–8.
Ruprecht C and Lanzavecchia A, 2006. Toll-like
receptor stimulation as a third signal required
for activation of human naive b cells. European
Journal of Immunology, 36(4):810–816.
Rutherford S, 2000. From genotype to pheno-
type: buffering mechanisms and the storage of
genetic information. Bioessays, 22(12):1095–
1105.
Rutherford S and Lindquist S, 1998. Hsp90 as a
capacitor for morphological evolution. Nature,
396(6709):336–342.
Salazar-Ciudad I, 2007. On the origin of morpho-
logical variation, canalizion, robustness, and
evolvability. Integrative and Comparative Bi-
ology, 47(3):390–400.
Salazar-Ciudad I and Jernvall J, 2002. A gene
network model accounting for development
Riga et al. 2013 19
Environmental Influence on Dental Morphology
and evolution of mammalian teeth. Proceed-
ings of the National Academy of Sciences, 99
(12):8116–8120.
Salazar-Ciudad I and Jernvall J, 2010. A compu-
tational model of teeth and the developmental
origins of morphological variation. Nature, 464
(7288):583–586.
Salazar-Ciudad I, Jernvall J, and Newman S,
2003. Mechanisms of pattern formation in de-
velopment and evolution. Development, 130
(10):2027–2037.
Schmelze T and Hall M, 2000. Tor, a central
controller of cell growth. Cell, 103(2):253–262.
Scott G and Alexandersen V, 1992. Dental mor-
phological variation among medieval greenlan-
ders, icelanders, and norwegians. In Smith
P and Tchernov E, editors, Structure, Func-
tion, and Evolution of Teeth, pages 467–490,
Tel Aviv. Freund Publishing House Ltd.
Scott G and Turner C, 1997. The Anthropology
of Modern Human Teeth: Dental Morphology
and its Variation in Recent Human Popula-
tions. Cambridge University Press.
Skinner M and Goodman A, 1992. Anthropologi-
cal uses of developmental defects of enamel. In
Saunders S. R and Katzenberg M. A, editors,
Skeletal biology of past people: research meth-
ods, pages 153–174, New York. Wiley-Liss.
Slotkin R and Martienssen R, 2007. Transpos-
able elements and the epigenetic regulation of
the genome. Nature Reviews Genetics, 8(4):
272–285.
Sollars V, Lu X, Xiao L, Wang X, Garfinkel M,
and Ruden D, 2003. Evidence for an epigenetic
mechanism by which hsp90 acts as a capacitor
for morphological evolution. Nature, 33:70–74.
Somel M, Creely H, Franz H, Mueller U,
Khaitovich P, and Pa¨a¨bo S, 2008. Human and
chimpanzee gene expression differences repli-
cated in mice fed different diets. PLoS One, 3
(1):e1504.
Stauffer J and Snik Gray van E, 2004. Pheno-
typic plasticity: its role in trophic radiation
and explosive speciation in cichlids (teleostei:
Cichlidae). Animal Biology, 54(2):137–158.
Sutkowski N, Chen G, Calderon G, and Huber B,
2004. Epstein-barr virus latent membrane pro-
tein lmp-2a is sufficient for transactivation of
the human endogenous retrovirus herv-k18 su-
perantigen. Journal of Virology, 78(14):7852–
7860.
Ten-Cate A, 1998. Oral histology: development,
structure, and function. Mosby.
Thesleff I and Hurmerinta K, 1981. Tissue inter-
actions in tooth development. Differentiation,
18:75–88.
Thesleff I and Nieminen P, 1996. Tooth morpho-
geneis and cell differentiation. Current Opin-
ion in Cell Biology, 8:844–850.
Thesleff I, Vaahtokari A, and Partanen A, 1995.
Regulation of organogenesis. common molec-
ular mechanisms regulating the development
of teeth and other organs. The International
journal of developmental biology, 39(1):35–50.
Townsend G, Bockmann M, Hughes T, and
Brook A, 2012. Genetic, environmental and
epigenetic influences on variation in human
tooth number, size and shape. Odontology,
100(1):1–9.
Riga et al. 2013 20
Environmental Influence on Dental Morphology
Townsend G and Brown T, 1979. Family studies
of tooth size factors in the permanent denti-
tion. American Journal of Physical Anthropol-
ogy, 50(2):183–190.
Townsend G, Richards L, Hughes T, Pinker-
ton S, and Schwerdt W, 2005. Epigenetic
influences may explain dental differences in
monozygotic twin pairs. Australian Dental
Journal, 50(2):95–100.
Turner C, Nichol C, and Scott G, 1991. Scoring
procedures for key morphological traits of the
permanent dentition: the arizona state uni-
versity dental anthropology system. In Kelley
M and Larsen C, editors, Advences in Dental
Anthropology, pages 13–31, New York. Wiley-
Liss.
Vaahtokari A, A˚berg T, Jernvall J, Kera¨nen S,
and Thesleff I, 1996. The enamel knot as a sig-
naling center in the developing mouse tooth.
Mechanisms of Development, 54(1):39–43.
Waddington C, 1959. Canalization of devel-
opment and genetic assimilation of acquired
characters. Nature, 183(4676):1654–1655.
Weiss K, Stock D, and Zhao Z, 1998. Dynamic
interactions and the evolutionary genetics of
dental patterning. Critical Reviews in Oral
Biology & Medicine, 9(4):369–398.
West-Eberhard M, 2003. Developmental Plastic-
ity and Evolution. Oxford University Press,
New York.
Zinke I, Schu¨tz C, Katzenberger J, Bauer M, and
Pankratz M, 2002. Nutrient control of gene ex-
pression in drosophila: microarray analysis of
starvation and sugar-dependent response. Eu-
ropean Molecular Biology Organization Jour-
nal, 21(22):6162–6173.
Riga et al. 2013 21
